A novel method of determining the number of superhelical turns of a covalently-closed plasmid DNA is described.
EXPERIMENTAL

Materials
We also arranged to count bands upon electrophoresis in the THA buffer; in this case, the pBR0G samples were relaxed in TMA buffer. Because ethidium bromide binds less well to ENA in the TMA buffer (Dougherty, unpublished results) , more ethidium was required in these gels to produce adequate shifts of the bands. However, at large ethidium concentrations smearing of the bands made it impossible to count them. Shure et al.
experienced similar difficulties with Minicol, ColEl and polyoma DNA's.
they were able to obtain much better resolution using chloroquine in a phosphate buffer . We found that gels using chloroquine at concentrations up to 400 yg/ml dissolved in TMA buffer produced well-resolved bands, which we were able to count up to the native form I level.
Partial thermal denaturation of the DNA in the presence of carbodiimlde Typically 40O yl of pBRfiG at a concentration of 25O yg/ml was mixed with an equal volume of 0.375 M carbodiimide which had been dissolved in 100% ethanol. The temperature of the sample was increased in step-wise increments with 50 yl aliquots withdrawn at each interval. The samples were maintained for 10 min. at each of the chosen temperatures, and all aliquots were subject to a cumulative heating through the previous stages. The 50% 22 v/v ethanol content produced a weakening of the DNA secondary structure , which was necessary to promote the carbodiimide binding in a reasonable time. Binding of the carbodiimide prevented renaturation of the samples when cooled to room temperature, by forming a bulky adduct with unpaired guanine and thymine residues.
Agarose gel electrophoresis
After the reaction, excess carbodiimide was removed by ethanol precipitation and washing In 70% ethanol three times. Each aliquot was then dissolved in 4O yl of either TNEA or TMA buffer, and 10 yl of this solution was sufficient for resolution on a 1.4% vertical agarose gel. A form I sample, containing some contaminating nicked form II molecules, was used as a marker. The gels were electrophoresed at 3 v/cm for about 18 h at 4 C.
In common with all our electrophoresis experiments, the buffers were continuously exchanged throughout the duration of the experiment at a rate of about O.5 ml/min., in order to maintain a constant pH within the gel.
Hyperchromicity
We measured the increase in absorbance of DNA samples at 268 ran due to alkaline denaturation using a Cary 17 spectrophotometer. The DNA samples Included form I and form II controls, together with partially melted samples as run on an agarose gel. The samples were generally dissolved in a cacodylate buffer, since cacodylate buffers have been used in previous denaturation studies . Rush The traces shown were from the channels which were optimally resolved on each gel. By aligning the form II samples, it was possible to count from the centre of the fully relaxed sample (channel 1) up to the band co-running with the maximum intensity of the form I sample (channel 10) . The native form I DKA could not be resolved into topoisomer species on any of the TNEA gels, but the maximum intensity of the smeared band was taken to represent the most abundant species. Nevertheless, it is possible to determine the number of superhelical turns at 4°c within this sample as -3O, with an uncertainty of ± 1. Similarly, from direct band counting of the TMA/ chloroquine gels we determined T under these conditions to be -32 ± 1, at 4°c. The direction of electrophoresis is from top to bottom for both gels. This results from the increased resolving power of the gel in this region.
All the partially denatured samples result in a smearing on the gel, since melting causes T to change by non-integral amounts.
It is interesting that in the samples prior to the equivalence point, the mobility decreases monotonically from that of the form I sample with Increasing temperatures. In preliminary experiments with PM2 DNA, however, we noticed a slight, but significant, initial increase in mobility before it decreased to the form II level. This is consistent with an initial melting out of hairpin regions, as proposed by Lebowitz et al. . These regions appear to be absent in the less superhelically-dense pBRBG DNA.
Hyperchromicity can provide a direct measure of the degree of 27-3O base-pair unstacking . We have assumed that it is not affected by the number of superhelical turns in a sample; the correspondence of the experimental hyperchromicities for the form I and II control samples, within the precision of the experiment, confirms that it is at least a sufficiently small effect not to interfere with our analysis. In general A-T rich regions will melt first, and the increase in absorptivity due to the unstacking of an A-T base-pair will not be the same as that due to a G-C base-pair. HOW- covalently bound carbodiimide was probably complete. The presence of unreacted carbodiimide-with DNA at concentrations close to the equivalence point (viz. "v 5% carbodilmide/base-pair) has no effect on the hyperchromicity. Adding 5% w/v carbodiimide to a form I DNA sample (no ethanol present) gives a hyperchromicity of 42.36 ± 0.35%, indistinguishable from that of the native form I samples.
We have checked that the carbodiimide-reacted samples were not appreciably nicked by running the samples shown in Fig. 2(a) on a gel containing excess (0.5 ug/ml) ethidium bromide. Ethidium bromide unwinds the DNA double helix and consequently increases the value of T for all covalently closed molecules; nicked molecules continue to have no superhelical turns. Fig. 2(b) confirms that all the reacted samples contain un-nicked molecules, which migrate faster than their nicked counterparts.
In order to verify our interpretation of the changes in electrophoretic mobility upon partial denaturation, we visualized the samples using electron microscopy. We avoided shifts in T due to changes in ionic con-19 centration during electron microscope grid preparation by applying the 2+ 18 Mg -method described by Arcidiacono etal to our TMA buffer. The electron micrographs confirmed a decrease in the magnitude of T, until at the equivalence point the molecules appear similar to form II molecules (not shown). None of the samples visualized by electron microscopy shows appreciable regions of local denaturation. This is consistent with our finding that the equivalence point corresponds to a melting of only 6-7% of the basepairs. The distribution of A-T base pairs within pBRPG DNA is fairly random, and there are only two regions within the molecule with A-T sequences larger than 10 consecutive base-pairs.
As a further check that there were no significant conformational changes induced by the reaction with carbodiimide, we compared the circular dichroism (CD) spectrum of a sample representing the equivalence point with that of control forms I and II samples. There were no significant differences in the positions and general shapes of the Cotton bands in the three samples (results not shown) . (In contrast, form v DNA has an additional negative band at 295 run and the main positive Cotton effect is shifted to 266 nm 12 ).
DISCUSSION
The major advantage of the topoisomer band-count method is that it is essentially digital, and is therefore capable of giving 10O% precision. Furthermore, it is independent of unwinding angles and binding constants. The method is somewhat complicated because no single gel is able to resolve all the species, but this can be circumvented by running a series of gels 9 20 containing varying amounts of either ethidium bromide or chloroquine In this way the DNA bands may be shifted by a constant amount into a region of better resolution.
The band-count method essentially monitors a, a topological invariant independent of conditions such as temperature and ionic strength. However, in practice, it is differences in a (interpreted as differences in T) -which are measured. The value of T obtained is the number of superhelical turns present under the gel buffer conditions '
Our partial-melting/hyperchromicity method estimates T explicitly, if the number of base-pairs per helical repeat is known. It is indirect, however, in common with other alternatives to band-counting, and requires the estimation of the equivalence point on a gel and the measurement of hyperchromicity. In particular, the precise equivalence point is frequently difficult to ascertain. Nevertheless, the method is an interesting alternative to existing approaches and can be used for measuring the superhelicity of large DNA molecules, such as PM2 DNA. The band-count method is only applicable to small form I DNA molecules, since topoisomers are not readily resolved with large circular molecules.
The T values obtained by band counting and by partial melting/ hyperchromicity are compared in Table 2 
